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HIGHLIGHTS 


►  A  leaching  process  for  the  recovery  of  cobalt  and  lithium  from  LIBs  was  developed. 

►  Citric  and  malic  acids  are  more  effective  as  leaching  reagents  than  aspartic  acid. 

►  An  environmental  assessment  was  conducted  to  examine  its  energy  consumption. 

►  An  environmental  analysis  predicts  a  FFC  energy  intensity  of  recovered  Co. 

►  The  technical  process  is  promising  and  economic  with  environmental  merits. 
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A  leaching  process  for  the  recovery  of  cobalt  and  lithium  from  spent  lithium-ion  batteries  (LIB)  is 
developed  in  this  work.  Three  different  organic  acids,  namely  citric  acid,  malic  acid  and  aspartic  acid,  are 
used  as  leaching  reagents  in  the  presence  of  hydrogen  peroxide.  The  cathode  active  materials  before  and 
after  acid  leaching  are  characterized  by  X-ray  diffraction  and  scanning  electron  microscopy.  Recovery  of 
cobalt  and  lithium  is  optimized  by  varying  the  leachant  and  H2O2  concentrations,  the  solid-to-liquid 
ratio,  and  the  reaction  temperature  and  duration.  Whereas  leaching  with  citric  and  malic  acids 
recovered  in  excess  of  90%  of  cobalt  and  lithium,  leaching  with  aspartic  acid  recovered  significantly  less 
of  these  metals.  The  leaching  mechanism  likely  begins  with  the  dissolution  of  the  active  material 
(LiCo02)  in  the  presence  of  H2O2  followed  by  chelation  of  Co(II)  and  Li  with  citrate,  malate  or  aspartate. 
An  environmental  analysis  of  the  process  indicates  that  it  may  be  less  energy  and  greenhouse  gas 
intensive  to  recover  Co  from  spent  LIBs  than  to  produce  virgin  cobalt  oxide. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Applications  of  lithium-ion  batteries  (LIBs)  as  electrochemical 
power  sources  in  consumer  electronics  and  electric  vehicles  (EV) 
are  increasing.  LIBs  have  been  available  on  the  market  from  Sony 
Corp.  since  the  early  1990s.  [1]  Desirable  characteristics  such  as 
modest  size  and  weight,  high  cell  voltage,  low  self-discharge  rates 
and  significantly  higher  energy  density  have  made  LIBs  preferable 
to  typical  nickel-cadmium  or  nickel-metal  hydride  batteries  for 
mobile  phones,  laptops,  electronic  devices,  and  EVs.  Graphite- 
LiCo02  has  become  the  leading  LIB  system,  which  at  present 
powers  most  portable  electronic  devices.  [2]  Another  important 
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application  of  LIBs  is  storage  of  energy  from  renewable  but  inter¬ 
mittent  energy  sources  such  as  wind  and  solar.  [3]  World  LIB  pro¬ 
duction  reached  500  million  units  in  2000  and  almost  4.6  billion  in 
2010.  [4]  Consequently  the  end-of-life  of  waste  LIB  material  is 
becoming  an  environmental  burden.  In  China,  consumer  battery 
waste  amounted  to  200-500  tons  year-1  from  2002  to  2006  with 
significant  amounts  of  metals,  organic  chemicals  and  plastics  in  the 
following  proportions:  5-20%  cobalt,  5-10%  nickel,  5-7%  lithium, 
15%  organic  chemicals  and  7%  plastics.  This  composition  varies 
slightly  with  different  manufacturers  [5,6].  Aside  from  environ¬ 
mental  motivations,  the  price  of  cobalt  (Fig.  1),  which  fluctuates 
with  the  economy  but  has  exhibited  a  generally  increasing  trend 
since  2000,  [7]  is  a  strong  economic  driver  to  increase  LIB  recycling. 
Lithium  prices  are  significantly  lower,  but  have  been  on  the  rise 
since  2006.  [8]  Therefore,  the  recycling  of  spent  LIBs  has  strong 
potential  to  provide  economic  and  environmental  benefits  in 


L  Li  et  al  /  Journal  of  Power  Sources  233  (2013)  180—189 


181 


Year 


Fig.  1.  Prices  of  lithium  and  cobalt  from  2000  to  2009  [7,8]. 


addition  to  conserving  raw  materials  [9-13].  A  LIB  comprises 
a  cathode,  an  anode,  an  organic  electrolyte  and  a  separator  [14].  The 
cathode  typically  consists  of  Al  foil  covered  by  a  fine  layer  of 
powdered  LiCo02,  while  the  anode  is  made  from  Cu  foil  covered  by 
a  fine  layer  of  powdered  graphitic  carbon.  Each  electrode  also 
contains  polyvinylidene  fluoride  (PVDF),  which  holds  the  active 
material  particles  together.  The  electrolyte  consists  of  a  Li  salt 
(normally  LiPFe),  which  is  dissolved  in  an  organic  solvent.  In  LIBs, 
the  anodes  and  cathodes  are  made  from  materials  that  allow  the 
migration  of  Li  ions  through  an  electrolyte  solution.  The  typical 
chemical  composition  of  LIBs  with  LiCo02  as  the  cathode  active 
material  is  shown  in  Fig.  2  [6]. 

Recycling  processes  typically  pretreat  spent  LIBs  with  physical 
techniques  [10]  such  as  mechanical,  thermal,  mechanochemical, 
and  dissolution  processes.  Next,  battery  components  can  be 
recovered  via  chemical  means  such  as  acid  leaching  or  bioleaching, 
solvent  extraction,  chemical  precipitation  and  electrochemical 
processes.  Currently,  the  only  large-volume  commercial  battery 
recycling  technology  employs  smelting  and  recovers  cobalt  and 
nickel  after  further  processing  of  smelter  output  via  leaching  and 
solvent  extraction  [15].  One  drawback  to  this  technology  is  the 
energy  consumption  of  the  high-temperature  smelting  step  and  its 
associated  air  pollution  control  equipment.  Moreover,  it  does  not 
recover  lithium  and  aluminum.  Acid  leaching,  on  the  other  hand,  is 
an  important  technique  for  recovering  valuable  metals  that  avoids 
these  drawbacks.  It  brings  metals  into  solution,  assisted  at  times  by 
a  reductant  (e.g.,  H2O2)  that  converts  the  metal  to  a  more  soluble 
oxidation  state.  Once  in  solution,  the  metals  are  more  easily  sepa¬ 
rated  by  electrochemical,  precipitation  or  solvent  extraction  tech¬ 
niques  [6,16,17].  Different  leaching  agents,  such  as  H2S04  [18],  HC1 
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Fig.  2.  Chemical  composition  of  a  typical  lithium-ion  secondary  rechargeable  battery  [6]. 


[19],  and  HNO3  [5]  have  been  investigated  with  lithium  and  cobalt 
recoveries  exceeding  99%.  Notably,  strong  acid  leachants  release 
toxic  gases  like  CI2,  SO3  and  NO*  and  the  waste  acid  solution  is 
harmful  to  the  environment.  To  avoid  adverse  environmental  im¬ 
pacts  of  battery  recycling,  more  benign  processes  are  under 
development  [20]. 

Similarly,  we  are  developing  a  low-environmental-impact 
recycling  process  using  citric  (C6H8O7  H2O),  DL-malic  (C4H5O6) 
and  L-aspartic  (C4H7NO4)  acids  as  leachants  to  recover  metals  from 
spent-battery  active  materials.  The  three  organic  acids  were  selec¬ 
ted  because  of  their  characteristics  including  easy  natural  degra¬ 
dation  and  the  absence  of  toxic  gases  in  the  reaction  process,  and 
because  of  previous  reports  of  other  metal  leaching  processes  [21- 
24].  The  acidity  sequence  of  the  three  acids  is  citric  acid  >  malic 
acid  >  aspartic  acid.  They  are  often  used  as  raw  materials  in  man¬ 
ufacturing.  Sonmez  and  Kumar  [21]  studied  the  use  of  citric  acid  as 
a  reagent  in  aqueous  media  to  recover  Pb  and  PbO  from  scrap  bat¬ 
tery  paste.  Wang  used  malic  acid  to  dissolve  the  kaolinite  in  soil 
[22].  Marafi  and  Stanislaus  [23]  conducted  ultrasonic-assisted 
leaching  of  Mo,  V,  and  Ni  from  spent  hydroprocessing  catalysts  in 
citric  acid.  They  determined  that  citric  acid  was  a  superior  leachant 
to  H2SO4  under  the  conditions  they  examined,  recovering  over  95% 
of  the  three  metals.  Szymczycha-Medeja  [24]  investigated  the  ki¬ 
netics  of  leaching  Mo,  Ni,  V,  and  Al  from  spent  hydro¬ 
desulphurization  catalysts  in  an  oxalic  acid  and  hydrogen  peroxide 
solution.  We  conducted  the  first  preliminary  studies  into  citric  acid 
and  DL-malic  acid  leaching  [25,26]  of  Co  and  Li  from  spent-battery 
active  material  (LiCo02)  and  have  received  a  patent  for  this  tech¬ 
nology  [27]. 

We  have  now  expanded  our  investigation  of  acid  leaching  of 
spent  LIBs  to  include  aspartic  acid.  The  effectiveness  of  the  three 
organic  acids  at  recovering  lithium  and  cobalt  under  varying  pro¬ 
cess  conditions  are  compared.  Furthermore,  we  conducted  a  pre¬ 
liminary  study  of  the  acid  leaching  mechanism.  Finally,  we 
conducted  an  environmental  assessment  of  the  process.  The  two 
most  recent  published  analyses  of  LIB  [28,29]  life-cycle  environ¬ 
mental  impacts  do  not  include  the  impacts  of  battery  recycling. 
While  Rydh  and  Sanden  [30]  consider  the  impact  of  the  use  of 
recycled  materials  on  the  life-cycle  energy  consumption  of  batte¬ 
ries,  they  do  not  present  an  estimate  of  the  energy  consumption  of 
the  recycling  process  itself.  The  data  in  this  paper  could  be  used  to 
address  this  gap  and  is  a  unique  examination  of  the  environmental 
impacts  of  a  battery  recycling  process. 

2.  Experimental 

2.1.  Materials  and  reagents 

Spent  LIBs  from  laptop  computers  were  used  in  this  study. 
Leachants  were  citric,  DL-malic  and  L-aspartic  acids;  hydrogen  per¬ 
oxide  (H2O2)  was  the  reductant.  All  solutions  were  prepared  in 
distilled  water  and  all  reagents  were  analytical  grade.  To  prepare 
materials  for  analysis,  hydrochloric  acid  was  used  to  completely 
leach  LiCo02,  enabling  measurement  of  the  total  cobalt  and  lithium 
content  in  the  cathode. 

2.2.  Dismantling,  anode/cathode  separation  and  metal 
characterization 

First,  cylindrical  cells  were  removed  from  spent  LIBs.  Before 
dismantling  the  cells,  a  discharging  pretreatment  step  was  used  to 
prevent  short-circuiting  and  self-ignition.  The  cells  were  then  dis¬ 
mantled  using  the  manual  procedure  described  elsewhere  [10]  to 
remove  their  plastic  and  steel  cases.  Once  dismantled,  the  anodes 
and  cathodes  were  manually  uncurled  and  separated  and  then  the 
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Table  1 

Base  case  experimental  conditions. 


Acid 

T  (°C) 

t  (min) 

[Acid]  (M) 

[H202]  (vol%) 

S:L(gL-’) 

Citric 

90 

30 

1.25 

1.0 

20 

Malic 

40 

1.5 

2.0 

20 

Aspartic 

120 

1.5 

4.0 

10 

copper  anode  foil  was  recovered.  The  cathodes  were  cut  into  small 
pieces  using  scissors  and  then  treated  with  N-methylpyrrolidone 
(NMP)  at  100  °C  for  1  h.  The  cathodic  active  materials  were  effec¬ 
tively  separated  from  the  aluminum  foil  and  aluminum  was  recov¬ 
ered  in  its  metallic  form.  A  filtration  step  recovers  the  NMP  for  reuse. 

The  cathode  materials  from  the  spent  batteries  were  calcined  at 
700  °C  for  5  h  in  a  muffle  oven  to  eliminate  the  carbon  and  the  PVDF 
in  the  cathodic  active  materials,  and  then  cooled  to  room  temper¬ 
ature.  Of  the  steps  in  this  process,  the  calcination  step  occurs  at  the 
highest  temperature  and  is  likely  to  be  the  most  energy-intensive. 
The  powdered  materials  were  then  ground  for  2  h  in  a  planetary 
ball  mill  to  obtain  smaller,  higher-surface-area  particles  to  increase 
leaching  efficiency.  The  ground  samples  were  qualitatively  and 
quantitatively  analyzed  with  X-ray  diffraction  (XRD),  scanning 
electron  microscopy  (SEM)  and  inductively  coupled  plasma  atomic 
emission  spectrometry  (ICP-AES). 

2.3.  Metal  leaching 

The  leaching  experiments  were  conducted  in  a  100-mL  three¬ 
necked  and  round-bottomed  thermostatic  Pyrex  reactor  placed  in 
a  water  bath  to  control  the  reaction  temperature.  The  reactor  was 
fitted  with  an  impeller  stirrer  and  a  vapor  condenser  to  reduce  the 
loss  of  water  by  evaporation.  A  measured  amount  of  waste  LiCo02 
powder  and  a  known  strength  and  quantity  of  organic  acid  and  H2O2 
solution  were  added  to  the  reactor  and  allowed  to  reach  thermal 


equilibrium,  with  agitation  provided  by  the  magnetic  stirrer.  Reac¬ 
tion  conditions  were  manipulated  individually  to  identify  the  op¬ 
timum  leaching  conditions,  i.e.,  concentrations  of  organic  acid  and 
H2O2,  solid-to-liquid  ratio  (S:L),  reaction  temperature,  and  reaction 
time.  Base  case  reaction  conditions  are  provided  in  Table  1.  After  the 
leaching  step,  the  product  solution  was  filtered  and  washed  with 
distilled  water,  yielding  a  pink  filtrate  and  a  black  residue  for  anal¬ 
ysis.  A  flow  sheet  of  all  the  treatment  processes  is  shown  in  Fig.  3. 

2.4.  Analytical  methods 

To  determine  the  total  amount  of  cobalt  and  lithium  in  the 
cathode,  an  unprocessed  sample  of  the  cathodic  active  material  was 
dissolved  completely  in  concentrated  HC1  and  analyzed  by  atomic 
absorption  spectrometry  (AAS).  The  amounts  of  cobalt  and  lithium 
in  the  leaching  step  filtrate  were  also  measured  by  AAS  to  calculate 
the  leaching  efficiency,  which  is  defined  as  the  ratio  of  the  amount 
of  a  chemical  species  in  the  leachate  to  the  total  amount  of  that 
species  in  the  cathode.  Three  experiments  were  conducted  simul¬ 
taneously  at  all  conditions.  The  values  we  report  are  average  results 
from  each  set  of  experiments.  The  cathode  materials  after  calci¬ 
nation  and  the  residues  after  leaching  with  different  organic  acids 
were  characterized  using  XRD  (Rigaku,  Cu-Ka)  and  SEM  (Hitachi,  S- 
570),  respectively.  For  XRD  analysis,  the  samples  were  scanned 
from  10°  to  90°  using  0.5°  steps  and  a  count  time  of  1  s. 

3.  Results  and  discussion 

3.2.  Dismantling  and  characterization  of  the  lithium  cobalt  oxide  in 
spent  LIBs 

XRD  patterns  of  the  spent  cathodic  materials  after  calcination 
and  grinding  (but  before  leaching)  and  the  black  residues  recovered 
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Fig.  3.  Flow  sheet  of  the  hydrometallurgical  recycling  process  for  spent  LIBs, 
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Fig.  4.  XRD  patterns  of  samples  of  (a)  the  cathodic  material  after  dismantling,  calci¬ 
nation  and  grinding,  (b)  the  residues  after  citric  acid  leaching,  (c)  the  residues  after  dl- 
malic  acid  leaching,  and  (d)  the  residues  after  L-aspartic  acid  leaching.  Reaction  con¬ 
ditions  are  reported  in  Table  1. 


from  the  acid  leaching  step  are  shown  in  Fig.  4.  From  the  XRD  data, 
it  is  clear  that  the  cathodic  materials  prior  to  leaching  are  mainly 
UC0O2  and  small  amounts  of  C03O4,  a  performance-reducing  deg¬ 
radation  product  formed  during  battery  operation  [31].  The 
absence  of  carbon  peaks  indicates  that  the  calcination  process 
burns  off  the  majority  of  the  carbon  residues.  As  shown  by  the  XRD 


data,  the  bulk  of  the  black  residue  recovered  from  citric  and  malic 
acid  leaching  was  insoluble  C03O4.  On  the  other  hand,  low-intensity 
peaks  of  LiCo02  were  identified  in  the  XRD  patterns  of  the  residue 
recovered  from  leaching  with  aspartic  acid  because  of  incomplete 
reaction  between  spent  UC0O2  and  the  acid. 

Fig.  5  shows  SEM  images  of  the  spent  cathodic  materials  after 
calcination  and  grinding  as  well  as  the  residues  after  leaching  in  the 
three  organic  acids.  In  Fig.  5a,  the  morphology  of  the  spent  cathodic 
materials  was  identified  as  irregular  and  agglomerated.  Leaching 
reduces  the  particle  size  of  the  unprocessed  cathodic  materials.  By 
comparison,  the  particle  size  of  the  L-aspartic  acid  leach  residues 
(Fig.  5d)  was  larger  than  that  of  the  other  residues  (Fig.  5b  and  c), 
another  indication  that  the  extent  of  reaction  is  less  when  aspartic 
acid  is  the  leachant. 

32.  Leaching  of  waste  UC0O2 

As  shown  in  Fig.  6,  the  leaching  reaction  of  spent  LiCo02  and  the 
organic  acids  can  be  explained  in  two  steps:  ( 1 )  reduction  of  Co(III)  to 
Co(II)  in  the  presence  of  H202  and  subsequent  dissolution  of  spent 
LiCo02  in  the  acid  solution;  (2)  the  chelation  of  Co(II)  and  Li  with 
citrate,  malate  or  aspartate.  The  leaching  reaction  of  the  spent  LiCo02 
with  citric  acid  (CeHsOy),  DL-malic  acid  (C4H6O5)  and  L-aspartic  acid 
(C4H7NO4)  is  shown  in  Fig.  7  with  some  possible  products. 

32 A.  Effect  of  acid  concentration  on  leaching 

We  studied  the  effect  of  acid  concentration  on  the  leaching 
efficiency  of  waste  LiCo02.  Although  some  of  the  acid  will  be 
recoverable,  the  provision  of  some  amount  of  makeup  acid  is  likely. 
The  concentration  of  the  three  acids  was  varied  from  0.5  to  2  M. 


Fig.  5.  SEM  images  of  different  cathode  materials:  (a)  the  cathodic  material  after  dismantling,  calcination  and  grinding,  (b)  the  residues  after  citric  acid  leaching,  (c)  the  residues 
after  DL-malic  acid  leaching,  and  (d)  the  residues  after  L-aspartic  acid  leaching.  Reaction  conditions  are  reported  in  Table  1. 
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Fig.  6.  Possible  multiphase  leaching  reaction  of  LiCo02  particles  and  organic  acid  solutions. 


Table  1  provides  other  reaction  parameters.  We  note  that  in 
experiments  with  aspartic  acid,  small  volumes  of  a  dilute  NaOH 
solution  were  added  drop-wise  to  dissolve  the  acid  in  water.  Fig.  8 
shows  that  the  leaching  efficiency  of  Co  and  Li  initially  increased 
with  the  acid  concentration.  More  than  90%  of  Co  and  nearly  100% 
of  Li  were  leached  as  the  leachant  concentration  reached  1.25  M  for 
citric  acid  and  1.5  M  for  malic  acid.  However,  approximately  60%  of 
Co  and  Li  were  leached  when  the  aspartic  acid  concentration  was 
increased  from  0.5  M  to  1.5  M,  even  though  we  used  a  higher 
reductant  concentration  in  these  experiments.  When  the  acid 
concentration  reached  2.0  M,  leaching  efficiencies  of  both  Co  and  Li 
decreased  for  all  acids. 


3.2.2.  Effect  of  H202  on  leaching 

Products  of  H2O2  decomposition  convert  Co(III)  to  Co(II), 
enhancing  the  metal’s  dissolution  [32].  The  effect  of  H2O2  con¬ 
centration  between  0  and  6  vol.%  on  leaching  is  shown  in  Fig.  9. 
Other  reaction  parameters  were  held  at  the  base  case  values  shown 
in  Table  1.  We  observed  that  with  citric  acid,  only  25%  of  the  cobalt 
and  54%  of  the  lithium  were  leached  in  the  absence  of  H202, 
whereas  with  malic  acid  37%  of  the  cobalt  and  54%  of  the  lithium 
were  recovered.  We  also  found  that  with  aspartic  acid,  only  about 
1%  of  cobalt  and  lithium  were  leached  without  H2O2  and  the 
leaching  efficiency  of  Co  and  Li  increased  to  60%  as  the  amount  of 
H2O2  was  increased  to  4.0  vol.%,  confirming  that  H2O2  plays  an 
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Fig.  8.  Effect  of  acid  concentration  on  the  leaching  of  waste  LiCo02:  (a)  leaching 
efficiency  of  Co  and  (b)  leaching  efficiency  of  Li.  H202  concentrations,  S:L,  and  reaction 
temperature  and  time  are  reported  in  Table  1. 


Fig.  9.  Effect  of  H202  amount  on  the  leaching  of  waste  LiCo02:  (a)  leaching  efficiency  of 
Co  and  (b)  leaching  efficiency  of  Li.  Acid  concentrations,  S:L,  and  reaction  temperature 
and  time  are  reported  in  Table  1. 


important  role  in  aspartic  acid  leaching.  For  citric  and  malic  acids, 
more  than  90%  of  Co  and  99%  of  Li  were  leached  when  the  amount 
of  H2O2  exceeded  2.0  vol.%.  As  the  amount  of  H2O2  was  further 
increased  to  6  vol.%,  the  increase  in  leaching  efficiency  of  cobalt  and 
lithium  was  insignificant. 

3.2.3.  Effect  of  the  solid-to-liquid  ratio  on  leaching 

To  examine  the  effect  of  S:L  on  the  leaching  efficiency,  we 
conducted  experiments  at  S:L  from  5  to  30  gL'1.  Other  reaction 
parameters  were  held  at  the  base  case  values  in  Table  1.  Fig.  10a 
shows  that  for  citric  and  malic  acids,  91%  and  93%  of  cobalt  was 
leached,  respectively,  up  to  an  S:L  of  20  gL'1.  By  comparison,  at  the 
same  S:L,  cobalt  recovery  in  aspartic  acid  was  only  36%.  Fig.  10b 
indicates  that  nearly  100%  of  lithium  was  recovered  at  an  S:L  of 
20  gL'1  for  citric  and  malic  acids.  Exceeding  an  S:L  of  20  gL'1  caused 
these  recoveries  of  cobalt  and  lithium  to  decrease  dramatically. 

3.2.4.  Effect  of  temperature  and  reaction  time  on  leaching 

The  energy  consumption  of  the  leaching  step  will  be  a  function 
of  the  operating  temperature  and  time.  In  experiments  to  examine 
the  effects  of  these  parameters  on  metal  recoveries,  the  reaction 
temperature  ranged  from  25  °C  to  90  °C  and  the  reaction  time  was 
between  15  and  150  min.  Table  1  shows  the  values  of  the  other 


reaction  parameters.  The  effect  of  reaction  temperature  and  time 
on  leaching  is  shown  in  Fig.  11.  At  20  °C,  cobalt  recoveries  were 
only  8%,  17%  and  12%  for  citric,  malic  and  aspartic  acid  leaching, 
respectively  (Fig.  11a).  Leaching  efficiency  improved  with  increas¬ 
ing  temperature.  At  90  °C,  leaching  in  citric,  malic  and  aspartic 
acids  achieved  cobalt  recoveries  of  92%,  93%  and  60%,  respectively. 
Lithium  leaching  followed  the  same  trend,  as  Fig.  lib  illustrates. 
Collectively,  these  results  show  that  up  to  about  90  °C,  higher 
reaction  temperatures  enhance  metal  leaching.  One  explanation 
for  this  trend  is  the  endothermicity  of  leachant  dissociation,  which 
translates  to  greater  acid  dissociation  and  increased  reaction 
rates  at  elevated  temperatures.  Above  90  °C,  however,  the  acids 
begin  to  volatilize.  With  less  leachant  in  solution,  metal  recoveries 
decrease. 

Additionally,  we  observed  that  in  citric  acid,  metal  recovery 
was  highest  (99%)  after  30  min  under  the  base  case  conditions 
shown  in  Table  1.  The  optimal  reaction  time  in  malic  acid  was 
40  min  under  the  base  case  conditions.  In  aspartic  acid,  recovery 
reached  only  27%  after  30  min  under  base  case  conditions.  A  longer 
reaction  time  (2  h)  did  increase  recovery  of  cobalt  and  lithium,  but 
only  to  60%.  Reactions  in  aspartic  acid  likely  achieve  lower  recovery 
rates  than  in  the  other  acids  in  this  study  because  it  is  the  least 
acidic. 
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Fig.  10.  Effect  of  the  solid/liquid  ratio  on  the  leaching  of  waste  LiCo02:  (a)  leaching 
efficiency  of  Co  and  (b)  leaching  efficiency  of  Li.  Acid  and  H202  concentrations,  reaction 
temperature,  and  reaction  time  are  reported  in  Table  1. 

4.  Environmental  assessment 

In  addition  to  economic  and,  in  Europe,  regulatory  motivations, 
one  key  driver  for  recycling  batteries  is  to  reduce  their  environ¬ 
mental  burden.  In  this  section,  we  describe  our  environmental 
analysis  of  this  recycling  process.  Our  results  have  four  potential 
uses.  First,  they  can  identify  the  highest-energy-consuming  steps  of 
this  process  and  inform  efforts  to  reduce  process  energy  intensity. 
Second,  they  can  be  used  in  comparing  the  energy  intensities  of 
battery  recycling  process  alternatives.  Third,  they  can  be  compared 
to  the  energy  intensity  of  producing  active  materials  from  virgin 
compounds  (e.g.,  lithium  salts  from  Chile).  If,  in  recovering  a  battery 
component,  the  recycling  process  consumes  more  energy  than 
producing  that  component  from  virgin  materials,  it  likely  does  not 
reduce  battery  life-cycle  energy  consumption.  Recycling  the  com¬ 
ponent  would,  however,  conserve  possibly  limited  raw  materials. 
Finally,  these  results  can  be  incorporated  into  a  life-cycle  analysis 
of  an  LIB. 

The  boundary  of  this  analysis  is  in  Fig.  12.  One  key  factor  in  this 
analysis  is  the  choice  of  leachant.  We  note  that  consumption  of  the 
reductant  and  leachant  will  impact  the  life-cycle  energy  use  of 
leaching  process  because  their  production  incurs  environmental 
burdens.  The  life-cycle  pathways  for  the  three  organic  acids  in  the 


Fig.  11.  Effect  of  temperature  and  time  on  the  leaching  of  waste  LiCo02:  (a)  leaching 
efficiency  of  Co  and  (b)  leaching  efficiency  of  Li.  Acid  and  H202  concentrations  and  S:L 
are  reported  in  Table  1. 

experimental  work  are  shown  in  Fig.  13.  Malic  and  aspartic  acids 
come  from  the  same  production  chain,  which  begins  with 
fossil-derived  butane.  On  the  other  hand,  citric  acid  comes  from  the 
fermentation  of  cornstarch  produced  from  corn  wet-milling. 
Comparing  the  energies  associated  with  the  feedstocks  of  these 
acids  provides  insight  into  which  acid  will  have  the  least  impact  on 
the  overall  energy  consumption  of  the  recycling  process  (as  defined 
in  Fig.  12).  On  a  fossil  energy  content  basis,  the  energy  consumed  to 
produce  butane  (including  its  inherent  energy)  is  approximately  10 
times  that  of  corn,  the  raw  material  for  citric  acid  [34].  Further,  citric 
acid  production  entails  fewer  steps  than  the  production  of  malic 
and  aspartic  acids.  We  therefore  selected  citric  acid  as  the  leachant 
in  our  analysis  and  adopted  an  energy  consumption  of  35  MJ  kg  1 
for  the  entire  pathway  of  citric  acid  production,  as  developed  in  the 
Supporting  information. 

In  our  calculations  of  process  energy  intensity,  we  used  the 
optimal  reaction  temperature,  reaction  time,  and  peroxide 
concentrations  for  the  recycling  process  as  determined  in  the 
experimental  work.  We  based  acid  concentration  on  stoichiometry 
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Fig.  12.  Recycling  process  environmental  analysis  boundary. 

as  described  in  the  Supporting  Information.  We  used  energy  con¬ 
sumption  values  calculated  from  analysis  of  existing  industrial 
processes  rather  than  use  the  energy  consumption  of  the  laboratory 
equipment.  This  approach  is  preferable  because  the  laboratory- 
scale  process  is  not  optimized,  as  an  industrial  process  would  be, 
to  minimize  energy  consumption  while  optimizing  throughput.  In 
the  Supporting  information,  we  detail  the  calculation  methods  and 
data  sources  we  used  to  generate  the  results  we  present  here. 

Fig.  14  displays  the  purchased  energy  intensity  of  each  step  of 
the  recycling  process  per  mass  of  recovered  cobalt.  (Purchased 
energy  intensity  is  the  energy  content  of  the  fuel  used  on-site  at  the 
recycling  plant.)  The  shares  of  natural  gas  and  electricity  for  the 
overall  process  are  49%  and  51%,  respectively.  We  chose  to  report 
results  on  the  basis  of  mass  of  recovered  cobalt  rather  than  lithium 
because  cobalt  is  the  more  valuable  metal.  Logically,  the  high- 
temperature  calcination  step  is  the  most  energy-intensive  in  this 
process.  It  also  emits  carbon  dioxide  (from  combustion  of  the  PVDF 
and  graphite)  at  a  level  of  2660  g  CO2  kg-1  recovered  Co.  Production 
of  virgin  CoO  emits  over  five  times  this  amount  of  GHGs  [34].  The 
calcining  step  will  also  release  the  fluorine  in  PVDF,  likely  as  HF,  and 
we  do  not  account  for  these  emissions  or  their  control.  Scrubbers 
can  reduce  HF  emissions  by  99%  [35].  After  calcining,  crushing  and 
grinding  were  the  next  most  significant  energy  consumers. 
Increasing  the  cobalt  recovery  efficiency  from  60%  to  90%  through 
use  of  the  more  effective  leachants  decreases  purchased  energy 
consumption  by  35%. 

We  incorporated  the  purchased  energy  data  for  the  recycling 
process  and  the  production  of  H2O2  and  citric  acid  (see  Supporting 
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information)  into  Argonne  National  Laboratory’s  Greenhouse 
Gases,  Regulated  Emissions,  and  Energy  use  in  Transportation 
(GREET)  model  [34],  which  calculates  the  full  fuel  cycle  (FFC)  en¬ 
ergy  consumption  from  these  data.  (FFC  energy  consumption  ac¬ 
counts  for  upstream  steps,  such  as  coal  mining,  that  consume 
energy  in  the  production  chain  that  precedes  the  delivery  of  pur¬ 
chased  energy.)  Fig.  15  displays  the  FFC  energy  intensity  of  the 
recycling  process  and  the  product  feeds  (citric  acid  and  hydrogen 
peroxide)  in  units  of  MJ  kg-1  recovered  Co  at  90%  Co  recovery. 

Fig.  15  illustrates  the  significant  impact  of  citric  acid  on  the  total 
energy  consumption  of  the  recycling  process.  In  our  analysis,  we 
assume  that  it  is  possible  to  recover  90%  of  the  acid  for  recycling  by 
decreasing  the  solution  pH,  causing  the  metals  to  precipitate  [36]. 
After  filtration,  acid  recovery  can  certainly  be  feasible,  possibly  at 
rates  above  90%.  Although  it  is  desirable  to  limit  waste  quantities, 
waste  citric  acid  would  not  pose  a  serious  environmental  threat 
because  it  is  a  relatively  benign  substance  that  is  used  in  foods, 
beverages,  and  detergents. 

The  total  energy  consumption  for  the  recycling  process 
(including  the  impacts  of  organic  acid  and  H2O2  consumption)  is 
33  MJ  kg-1.  As  the  process  is  further  developed,  opportunities  exist 
to  increase  process  energy  efficiency,  for  example,  by  lowering  the 
calcining  temperature,  further  optimizing  acid  and  peroxide  con¬ 
centrations,  and  maximizing  acid  recycling.  Fig.  16  contains  the  FFC 
GHG  emissions  for  provision  of  the  organic  acid  and  hydrogen 
peroxide  in  addition  to  emissions  from  the  recycling  process  itself. 
The  latter  includes  process  CO2  emissions  from  the  calcining  step 
(55%  of  FFC  GHG  CC^e  emissions).  We  also  calculated  correspond¬ 
ing  emissions  of  other  air  pollutants  (volatile  organic  compounds, 


Fig.  15.  FFC  energy  intensity  for  organic  acid,  hydrogen  peroxide  and  the  recycling 
process  for  90%  recovery  of  Co  (MJ  kg  1  recovered  Co). 
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Fig.  16.  FFC  GHG  emissions  from  organic  acid  and  hydrogen  peroxide  production  and 
the  recycling  process  (g  C02e  kg-1  recovered  Co)  for  90%  cobalt  recovery. 


carbon  monoxide,  nitrous  oxides,  particulate  matter,  sulfur  oxides, 
methane,  and  nitrous  oxide)  and  report  them  in  the  Supporting 
information. 

We  note  that  the  recovered  Li  and  Co  would  need  to  undergo 
further  processing  to  yield  an  active  material  for  integration  into  an 
LIB.  We  have  not  yet  estimated  the  energy  intensity  of  this  addi¬ 
tional  processing.  However,  Majeau-Bettez  et  al.  [29]  report  the 
energy  intensity  of  nickel-cobalt-manganese-oxide  cathode  ma¬ 
terial  manufacturing  (including  acquisition  and  processing  of  virgin 
materials)  as  132  MJ  kg-1.  These  authors  do  not  isolate  the  con¬ 
tribution  of  Co  acquisition  and  processing,  so  a  direct  assessment  of 
whether  obtaining  cobalt  from  spent  LIB  leaching  or  from  virgin 
materials  is  less  energy-intensive  is  not  feasible.  The  process  we 
have  analyzed,  however,  has  a  FFC  energy  intensity  roughly  25%  of 
the  value  that  Majeau-Bettez  et  al.  [29]  report.  Similarly,  producing 
virgin  cobalt  oxide  could  be  up  to  six  times  more  energy-intensive 
than  obtaining  Co  from  this  recycling  process  [34].  It  seems  possi¬ 
ble,  then,  that  the  recycled  cobalt  could  be  integrated  into  the 
cathodic  material  without  increasing,  and  conceivably  decreasing 
the  energy  intensity  of  its  production. 

We  are  unable  to  fully  compare  the  energy  intensity  of  this  bat¬ 
tery  recycling  process  to  that  of  another  because  published  data  on 
the  energy  intensity  of  these  processes  is  limited.  From  a  preliminary 
analysis  on  a  per  mass  of  cobalt  recovered  basis,  however,  the  FFC 
energy  intensity  of  this  process  may  exceed  that  of  the  production  of 
cobalt  salts  through  a  smelting-based  commercial  battery  recycling 
process  described  elsewhere  [15].  The  hydrometallurgical  process, 
however,  can  recover  both  lithium  and  cobalt  whereas  lithium  is 
unrecoverable  in  the  smelting-based  process.  Additionally,  as  pro¬ 
cess  parameters  for  the  hydrometallurgical  process  become  more 
optimized  its  energy  intensity  is  likely  to  decrease. 

Although  we  present  results  in  this  section  without  associated 
uncertainties,  there  are  a  number  of  variables  that  significantly 
affect  the  results.  First,  because  the  recycling  process  is  under 
development  in  the  laboratory,  data  for  its  energy  consumption  do 
not  exist  on  an  industrial  scale.  We  estimated  this  intensity,  which 
will  undoubtedly  change  with  technology  implementation.  Second, 
material  intensity  will  also  likely  change  upon  adoption  of  this 
process  on  an  industrial  scale.  Moreover,  as  we  describe  in  the 
Supporting  information,  the  data  used  for  citric  acid  production  is 
largely  based  on  the  wet-milling  process  for  corn  ethanol. 
Production  of  citric  acid  may  be  more  or  less  energy-intensive. 
Clearly,  it  is  crucial  to  recycle  as  much  of  the  acid  as  possible  both 
to  minimize  waste  and  to  reduce  the  FFC  energy  intensity  of  the 
process.  Finally,  using  citric  acid  enables  this  process  to  be  com¬ 
petitive  with  producing  virgin  cobalt  on  an  energy  consumption 


basis.  If  a  fossil-derived  organic  acid  were  used,  the  environmental 
benefits  of  this  process  would  require  re-evaluation. 

5.  Conclusions 

Spent  LIBs  can  be  deleterious  to  the  environment  and,  impor¬ 
tantly,  could  be  a  source  of  materials  (Li,  Co,  aluminum,  copper)  for 
new  batteries.  Battery  recycling  therefore  promises  significant 
environmental  and  economic  benefits.  In  this  paper,  we  expanded 
our  ongoing  exploration  of  acid  leaching  of  Co  and  Li  from  LIBs  to 
include  L-aspartic  acid.  On  a  molecular  level,  organic  acid  leaching 
mechanisms  likely  include  dissolution  and  chelation. 

In  this  investigation,  recoveries  of  nearly  100%  of  Li  and  in  excess 
of  90%  of  Co  were  achieved  following  leaching  in  citric  or  malic 
acids.  Aspartic  acid  was  significantly  less  effective  because  of  its 
weak  acidity  and  lower  solubility  in  water.  We  found  that  the 
leaching  efficiency  of  both  Co  and  Li  were  high  at  a  temperature  of 
90  °C.  High  recoveries  from  leaching  in  citric  and  malic  acids  were 
achieved  at  much  shorter  reaction  times  (30-40  min)  than  in 
aspartic  acid  (2  h).  An  S:L  of  20  gL'1  resulted  in  the  best  cobalt  and 
lithium  recoveries  from  leaching  in  citric  and  malic  acids; 
increasing  the  ratio  beyond  20  gL-1  caused  metal  recoveries  to 
decrease.  The  H2O2  concentration  also  significantly  influenced 
metal  recovery.  Finally,  an  environmental  analysis  of  this  process 
predicts  a  FFC  energy  intensity  of  33  MJ  kg-1  of  recovered  Co  when 
the  Co  recovery  efficiency  is  90%  and  the  leachant  is  citric  acid. 
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